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It was pointed out in a  previous paper  I that the distribution of a 
substance, when added to a system possessing the properties required 
for the establishment of a Donnan equilibrium, could be used as a test 
for the ionic nature of the substance.  If the substance is a diffusible 
ion it must be distributed in such a way that the ratios of  its activities 
in the two parts of the system are the same as the ratios of the activi- 
ties for the other ions (of the same valence).  Since in dilute solution 
the activities may be assumed approximately equal to the concentra- 
tion, the concentration ratios may be used provided there is no union- 
ized compound present in the solution.  It has been found that the 
ratio of the concentration of pepsin inside of gelatin or egg albumin 
particles to the concentration outside is approximately equal to the 
ratio of the chloride or bromide ion under the same conditions.  This is 
true over the range of pH from 1 to 7, and in the presence of various 
salts and acids.  It follows, therefore, that pepsin is a monovalent an- 
ion, and also that the enzyme does not form a compound with gelatin 
nor is the degree of dissociation affected by changes in pH in the range 
in which the enzyme is active.  The enzyme becomes very unstable 
on the alkaline side of pH 7, and it is, therefore, not possible to per- 
form the experiments in alkaline solution. 
Experimental Procedure. 
Pepsin.--The  pepsin  solution  used  was  prepared  by  dissolving  10  gin.  of 
Park,  Davis  1/10,000 pepsin  in  100  co.-of water,  titrating  to pH 2  with nitric 
acid, and dialyzing against 0.01  N nitric acid for 3 days.  The solution was then 
brought  to pH 3.0  and  filtered.  The resulting  solution  is  about  ten  times  as 
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active per gin.  dry weight  as  the original.  Several other pepsin  preparations 
were used occasionally.  No difference in the results was noted.  In most cases 
2 cc. of the pepsin  solution were added to 50 cc. of the protein suspension. 
Determination  of Pepsin.--The  relative quantity  of pepsin  was  determined 
by noting the rate of change in the viscosity of a standard gelatin solution as 
described by Hussey and the writer  ~ except that 0.2 cc. samples  were used to 
10 cc. of gelatin, and a small (2 cc.) viscometer was used.  The standard gelatin 
solution used contained 1.3 per cent of gelatin and 0.066 at of phosphoric acid. 
The unit of pepsin is taken as that quantity which causes a 10 per cent decrease 
in I0 cc. of this standard gelatin solution  in 1 hour at 34°C. 
It was found that pepsin was removed from the solution by filtra- 
tion so that it was necessary to make the determination on the super- 
natant fluid.  The total amount of pepsin present was known from the 
control solution containing no protein and the amount of pepsin in the 
protein was then found by difference.  In calculating the concentra- 
tion in the gelatin or egg albumin no correction was made for the vol- 
ume occupied by the protein itself, since it was found that at the iso- 
electric point the concentration of either pepsin or chloride was almost 
identical with that obtained when no protein was present. 
The experimental procedure in  general was  the  same  as  that de- 
scribed in the preceding paper.  The protein particles were kept in the 
solution at 0°C. for 18 hours before adding the pepsin.  The particles 
as a rule occupied 30 to 40 per cent of the total volume. 
Since in these experiments only the total concentration of enzyme 
can be determined it is evident that the formation of any compound 
between the  enzyme and  the protein  would  destroy the  agreement 
with the chloride ratios.  It was noted in the case of trypsin that some 
such disturbing reaction occurred near the isoelectric point of gelatin. 
This irregularity was much more marked with pepsin and it soon be- 
came evident that there were two entirely distinct reactions occurring. 
Under certain conditions large amounts of the enzyme would be taken 
up by the  gelatin and  there was  no correlation between  the pepsin 
ratios and the chloride ratios.  This was especially true at and near 
pH 4.7, the isoelectric point of gelatin.  This adsorption of the enzyme 
was found to be very markedly affected by the electrolyte concentra- 
tion.  It does not occur in electrolyte-free solution nor when the salt 
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TABLE  I. 
Effect of NaCl on Adsorption o: Pepsin by Gelatin. 
50 co. of isoelectric gelatin suspension containing noted concentration of NaC1. 
2 co. of pepsin added and pepsin determined in supernatant liquid after 2 hours. 
18  co. of gelatin.  34 ec. of filtrate. 
Concentration  of NaCI. 
M 
0 
0.0016 
0.008 
0.04 
0.20 
1.0 
Ratio: Pepsin  conc.  in gelatin 
Pepsin  eonc.  in filtrate (chloride  ratio = 1.0). 
1.0 
5.0 
10.0 
9.0 
1.0 
1.0 
TABLE  II. 
Effect of Various Salts on Combination of Pepsin and Gelatin. 
Concentration of all  salts  0.01  iv.  Determinations made  after  1  hr.  at  0°C. 
Salt.  ~  ..  Pepsin  in gelatin 
~auo: Pepsin  in filtrate" 
NaC1 .....................................................  4.0 
R~-IaC1  ...................................................  4.1 
KC1 .....................................................  4.0 
IGSO~  ....................................................  4.0 
CaCh  ....................................................  5.0 
BaC12 ........................  ............................  4.9 
TABLE  III. 
Effect of Size of Particles and Concentration of Pepsin on Amount of Pepsin Removed. 
2  gin. of sieved isoelectric gelatin of different sizes added to 50  cc. of M/100 
acetate  buffer pH  4.7,  pepsin added,  and  suspension kept  at  0°C.  for 20  hrs. 
Gelatin filtered off, dissolved in water, and pepsin determined in 0.2  co. of this 
solution.  Total pepsin 200. 
Relative total surface of gelatin.  Pepsin  in gelatin.  Pepsin  per unit surface. 
3.5  140  40 
2.0  100  50 
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concentration is more than 0.20 M.  This result is shown in Table I. 
The chloride ratio is 1 in every case, but the pepsin in low concentra- 
tions of salt is nearly all in the gelatin.  Table II shows that this effect 
is not markedly influenced by the character  of the  salt.  This com- 
bination  of pepsin and gelatin  was found to be irreversible and not 
affected by the addition of inactive pepsin.  It could be prevented by 
the addition of dissolved gelatin to the solution.  It was further found 
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FIG.  l.  Rate  of  combination  of  pepsin with  isoelectric  ge]atin  containing 
0.01  M NaCI. 
that  under  these conditions  the amount  of pepsin removed was di- 
rectly proportional  to the surface of the gelatin  since small particles 
removed much more than large ones.  Table III shows the results of an 
experiment in which the size of the particles was varied.  The relative 
surface was determined roughly by measuring the diameter of a num- 
ber of particles  under  the  microscope.  The  results  show  that  the 
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surface of the gelatin particles.  The writer found previously  8  that the 
removal of pepsin  by  coagulated egg albumin particles was  inde- 
pendent of the surface.  This experiment was repeated and confirmed 
in the course of the present work.  This surface combination with 
gelatin particles differs also in that much larger amounts of enzyme 
are removed than is the case when the enzyme is distributed in ac- 
cordance with the Donnan equilibrium.  In Table III, for instance, 
TABLE  IV. 
Time Required for Equilibrium with  Gelatin. 
$0 cc. of gelatin  suspension pH 4.7, 0.10 x, KCI  +  2  cc. of pepsin.  Stirred 
at  0°C. 
t  (  t  I 
Time, hrs  ................................  0"  [ 0.05  ] 0.10  [ 0.15  [ 0.25 
Pepsin per cc. filtrate .....................  4.8 (calc.).  I  ]  ]  [3'  6  3.4  3.2  3.3 
TABLE V. 
Reversibility of Pepsin Distribution. 
3 cc. of 0.1 N NaOH added to 25 cc. of gelatin suspension and the suspension 
kept at 0°C. for 18 hrs.  10 cc. of pepsin added and the solution stirred for 20 
min.,  filtered,  and  the gelatin  suspended in 50 cc.  of  0.01  •  KCI, stirred  for 
½ hr., and pepsin and chlorine determined in gelatin and in filtrate. 
Ratio: Pepsin conc. in gelatin 
Pepsin conc. in liquid 
C1 conc. in gelatin 
Ratio: 
C1 conc. in liquid 
0.55 
0.65 
0.42 
0.64 
0.46 
0.60 
nearly all the enzyme is removed by 2 gin. of gelatin, whereas only a 
few per cent can be accounted for on the basis of the chloride ratios. 
The time required for this reaction is also much longer than that 
required when the amount of enzyme taken up by the protein agrees 
with the results calculated from the chloride ratios.  This is shown in 
Fig. 1.  There is a rapid decrease in the pepsin concentration of the 
supernatant liquid for the first 2 hours followed by a  slow decrease 
which apparently is still taking place after 24 hours.  When, however, 
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sufficient electrolyte is present to prevent this adsorption reaction and 
cause the pepsin to be distributed by the ionic equilibrium, the solu- 
tion comes to equilibrium very rapidly as may be seen from Table IV. 
This is not, of course, a true equilibrium with respect to time, since the 
gelatin would eventually be digested by the enzyme and the two phases 
would no longer exist.  It is, however, a  true value as long  as  the 
gelatin is not affected, since it can be reached from either side, as will 
be shown below. 
It is evident from the above experiments that near the isoelectric 
point of gelatin and in the presence of the proper amount of electrolyte 
there is a secondary surface adsorption of the enzyme which entirely 
masks the distribution effect.  This is also partially true on the acid 
side of pH 4.7, although the adsorption is less marked in this range. 
The fact that the maximum effect is obtained at tile isoelectric point 
of the gelatin and that it is not noted with egg albumin renders  it 
probable that the effect of the salt is on the gelatin rather  than the 
pepsin. 
On the alkaline side of pH 4.7 or in the presence of more than 0.2 M 
electrolytes the distribution of the pepsin in the system is the same 
as that of the chlorine ion and is reversible.  In the preceding experi- 
ments the enzyme was added to the solution containing the gelatin 
particles  so  that  the  concentration of  enzyme in  the  supernatant 
liquid first decreased and then remained constant.  Table V, however, 
gives the results of an experiment in which the pepsin at  the begin- 
ning was in the gelatin so that the concentration in  the supernatant 
liquid  increased.  The  results show that here  also  the  pepsin  and 
chlorine  ratios  are  nearly equal, and  therefore that the equilibrium 
may be reached from either side 
Comparison  of Chloride and Pepsin Ratios with Gelatin Particles  on 
the Alkaline Side of pH 4.7.--The results of series of experiments with 
pepsin and various salt and alkali concentrations are given in Table VI. 
The ratios agree within the experimental error.  Tile first five experi- 
ments are the averages of six  separate  determinations and are ac- 
companied by their respective probable  errors.  The remaining re- 
sults are based on single experiments and are therefore less accurate. 
The  experiments cannot be  carried out  in  more alkaline  solutions 
owing to the rapid inactivation of the enzyme. JOHN H. NORTHROP  609 
Experiments with Egg Albumin Particles.--It was found by Dauwe  4 
that pepsin was removed from solution by coagulated proteins and it 
was shown by the writer  3 that the amount of enzyme removed in this 
way was a function of the pH of the solution, there being a maximum  at 
pH 2.5 for egg albumin and at pH 3.5 for gelatin.  It was suggested at 
that time that this combination of protein and enzyme was analogous 
to the combination of protein and inorganic ions and that it was due 
to the ionization  of the protein.  From the present point of view, how- 
ever, it is evident that this explanation is not complete.  Neither the 
TABLE  VI. 
Comparison of Chloride and Pepsin Ratios with Gelatin at  Various  pH and Salt 
Concentrations. 
pH 
4.7 
5.1 
5.6 
6.0 
7.2 
6.5 
6.5 
6.5 
Salt. 
KC1 
KC1 
KCI 
KCI 
KC1 
NAN08 
KCI 
NaNO8 
KC1 
{ 
N o, 
KCI 
Concentration 
of salt. 
CI eonc. in gelatin 
Ratio:  CI conc. in filtrate" 
Ratio:  Pepsin conc. in gelatin 
Pepsin conc. in filtrate 
M 
0,10 
0.10 
0.01 
0.004 
0.004 
1.01 "4-  0.01 
0.95 ~-  0.01 
0.70 -4-  0.01 
0.62 "4-  0.02 
0.50 -~  0.013 
0.65 
0.74 
1.01 -~  0.03 
1.06 "4-  0.05 
0.61 -~  0.04 
0.51 ~=  0.04 
0.51 "4-  0.05 
0.53 
0.57 
0.004 
0.005 
0.004 
0.040 
0.004 
0.88  0.80 
inorganic ion nor the pepsin is really combined with the protein but 
are simply prevented from diffusing out of the protein particles by the 
electrostatic attraction of the non-diffusible protein ion.  It is now 
clear why the maximum for digestion and for this combination did not 
coincide exactly.  The maximum rate of digestion of the protein cor- 
responds with the point at which it is most highly ionized, whereas the 
point at which the ratio of the concentrations inside and outside is a 
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maximum is in much less acid solution, owing to the depressing effect 
of the common ion of the acid on the equilibrium. 
Influence of the Method of Preparation of the Egg Albumin.--It was 
found that egg albumin prepared simply by coagulation and washing, 
adsorbed the enzyme in the same way as isoelectric gelatin.  If, how- 
ever, the albumin was then dried for 24 hours at 70°C. this adsorption 
no longer occurred and the enzyme was distributed in the same way 
as the chloride ion.  If the protein was allowed to stand several days in 
water, the adsorption reaction again became manifest.  The adsorp- 
tion is again apparently closely connected with the properties of the 
surface of the protein particles. 
It is difficult to show directly that the distribution of ions in coagu- 
lated egg albumin particles is governed by the Donnan equation, since 
there is no way to determine the activity of the free ions in the protein, 
which in this case is a solid.  The ratios of the total concentrations, as 
will be seen, have all the characteristics of a  Donnan equilibrium, 
however, and it seems reasonable to assume that the mechanism is the 
same as in the case of gelatin.  There is one striking difference in that 
the swelling of the albumin is not influenced by the pH nor the elec- 
trolyte concentration to nearly as great an extent as is the swelling of 
gelatin.  This is no doubt due to the much greater resistance offered 
by the protein to the osmotic pressure.  As a result of this character- 
istic the protein concentration in the particles is around 30 to 40 per 
cent, since 5 gm. of dry albumin usually occupied 12 to 15 cc.  The 
values of the ratios, therefore, are very much higher than in the case 
of gelatin, since this value increases with the concentration of non- 
diffusible ion. 
Reversibility of the Reaction  .--Table VII gives the result of an experi- 
ment showing that the equilibrium point may be reached from either 
side.  In the first part of the experiment the pepsin was added to a 
suspension of egg albumin in acid and then Na,SO4 added.  This de- 
presses the equilibrium and some of the pepsin diffuses out so that the 
concentration of enzyme in the supernatant liquid increases.  If the 
sodium sulfate is added first, the enzyme is at first more concentrated 
in  the supernatant liquid and diffuses into  the egg albumin.  The 
bromide behaves in the same way as the pepsin but more rapidly, as 
would be expected.  The final ratios for the bromide and pepsin are JOHN  H.  NORTHROP  611 
again approximately equal  and are the same irrespective of the way 
in which the final value is obtained. 
It was found that with egg albumin prepared as above about 1 hour 
was required for a  constant value to be reached.  The time varied 
somewhat with the conditions and the sample of egg albumin, so that 
it was necessary to run a preliminary experiment in which determina- 
tions were made at short intervals until no further change occurred. 
The remaining solutions were then analyzed at that time.  As in the 
case of gelatin, this is not a  permanent equilibrium point, since the 
albumin is slowly digesting.  It would be expected from previous work 
that the pepsin would combine with the products of digestion of the 
TABLE  'VII. 
Equilibrium between Egg Albumin and Pepsin. 
Solution 1:  S gm. of egg albumin +  10 cc. of 0.1 N HBr.  Total volume 50 
cc. +  2 cc. of pepsin.  Kept at 0°C. for 0.5 hr., and 5 cc. of ~r/2 Na2SO4 added. 
Solution 2:5 gm. of egg albumin +  10 cc. of 0.1 N HBr +  5 cc. of ~/2 Na2SO4 
made up to 55 cc.  Kept at 0°C. for 18 hrs., and 2 cc. of pepsin added.  Br 
and pepsin concentrations were determined in filtrate after time noted. 
Time. 
Concentration 
of Br. 
hrs. 
0.02  o. s  0.70 
0.20  [  070l  0.70 
0.50  [  0.70  0.70 
1.00[  0.70[  0.70 
• .  Br in  egg  albumin  ConcentratiOnpepsin.  of  Ratlo. 
I  2  1 
2"i  I  6"s  I  29  I 
ass  3.9  I 
390  39  I  4.3s  r  443 
3.90[  3.9[  ] 
Ratio:Pepsin in egg albumin 
Pepsin in filtrate 
1 
12 
4.70  4.60 
protein and thereby become more concentrated inside the particles, 
and this is apparently the case since after se~ceral hours the concen- 
tration of pepsin in the solution decreases slowly. 
The results of a number of experiments comparing the chloride and 
pepsin  ratios  under  different conditions are  shown in Tables VIII 
and IX.  Table VIII shows that with a  monovalent acid the ratio 
may reach very high values corresponding to a pH difference between 
the inside and outside of more than 1.0 and to a potential difference 
of over 70 millivolts.  As was pointed out above, this is due to the high 
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value of the ratio is near pH 3.0 instead of 4.2 as is the case with gela- 
tin.  This is the result expected from the titration  curve of egg albu- 
min  as compared with  gelatin,  since  the  albumin is not  completely 
combined with acid till a considerably higher hydrogen ion concentra- 
tion is reached than is the case with gelatin.  Owing to the high value 
of the ratio the results with HBr are inaccurate, since it was necessary 
to use a very large amount of pepsin in order to have a sufficient con- 
centration  in the  supernatant  liquid  to determine.  The  table  also 
shows the marked  depressing  effect of sulfate ion on the ratio. 
TABLE  VIII. 
Comparison  of Br  or  Cl and  Pepsin Ratios at  Various pH with H2S04 and HCl. 
Acid. 
HC1 
cg 
H2SO4 +  0.02 KBr 
"  +  0.02  " 
"  +  0.02  " 
"  +  0.02  " 
"  +  0.02  " 
"  +  0.02  " 
"  +  0.02  " 
~oneen- 
:ation  of 
acid. 
0. 004 
0.008 
0.020 
0.04 
0.002 
0.005 
0.010 
0.020 
0.040 
0.060 
0.100 
pH 
6.0 
4.5 
4.2 
3.8 
3.3 
5.0 
4.7 
4.4 
4.0 
2.8 
1.6 
1.0 
Ratio: Br in egg albumin 
Br in filtrate 
i  0.70 
[  4.6 
10.0 
23.0 
36.0 
Ratio: 
Pepsin in egg albumin 
Pepsin in filtrate 
0.71 
4.1 
7.2 
15.0 
22.0 
2.5 
3.6 
4.3 
5.8 
7.8 
5.6 
4.2 
J 
2.0 
2.9 
4.6 
5.3 
7.7 
5.9 
4.6 
Table IX gives the results  of experiments  with  various salt  con- 
centrations on the alkaline and'acid side.  It will  be noted  that  on 
the  alkaline  side  Na2SO4  and  NaNO3  behave  alike  and  Ca(NO~)~ 
depresses more powerfully, while on the acid side Na and Ca behave 
the same and SO4 depresses.  This is qualitatively the expected result 
since the value of the  equilibrium  ratio is governed almost entirely 
by the ion of the opposite sign of charge from that of the protein ion. 
The foregoing experiments show that pepsin distributes itself quan- 
titatively in the same way as does the chloride or bromide ion.  This is 
the result predicted by Donnan's equilibrium theory if pepsin is itself JOHN  H.  NORTHROP  613 
a  negative monovalent ion.  As far as the writer is aware there is no 
other theory which would predict such a result even qualitatively.  If 
this view of the mechanism is correct, it follows that the enzyme is not 
actually combined with the protein at all and hence anomalies in the 
TABLE  IX. 
Effect of Salts at pH 6.0 and 4.4. 
pH  6.0:0.004  ~  KC1  +  noted concentrations of salts. 
pH 4.4:0.01  M HBr  +  noted concentrations of salts. 
Salt. 
NAN0, 
C# 
Na~S04 
Ca(NO,)s 
NaNOs 
~c 
NasSO4 
Ca(NOs) 2 
I  Ratio:  Clineggalbumin  Pepsin  in  egg  albumin 
Concentration  of  salt.  Ratio: -ci  ~  "  Pepsin  in  filtrate 
At pH 6.0. 
M 
0 
0.01 
0.04 
0.16 
0 
0.005 
0.02 
0 
0.0006 
0.0025 
0.010 
0.61 
0.54 
0.70 
0.80 
0.67 
0.78 
0.90 
0.63 
0.68 
0.85 
1.0 
0.59 
0.71 
1.0 
1.0 
0.55 
0.80 
0.90 
0.55 
0.73 
0.78 
1.0 
At pH 4.4. 
0.006 
0.025 
0.10 
O. 003 
0.012 
0.05 
0.006 
0.025 
0.10 
Br ratio. 
13.0 
4.7 
1.8 
1.0 
3.9 
2.0 
1.1 
3.0 
1.70 
1.0 
14.0 
4.9 
2.5 
1.0 
3.0 
2.0 
1.0 
3.0 
3.0 
1.3 614  TEST FOR  DIFFUSIBLE  IONS.  IX 
kinetics of the digestion cannot be accounted for on the basis of such 
a  compound formation.  The results also affect experiments such as 
those of Arrhenius on the rate of diffusion of enzymes into gelatin. 
Unless conditions were chosen so that the final concentrations inside 
and  outside  were  equal,  the  rate  of  diffusion would be  markedly 
affected,  and  calculations  based  on  the  assumption  that  the  final 
equilibrium would be reached when the enzymes were uniformly dis- 
tributed throughout the system would be incorrect. 
It has been frequently suggested that protein digestion is determined 
by the swelling of the protein.  It may be seen from  the present ex- 
periments that  the more swelling the higher would be  the relative 
enzyme concentration in the protein, since both the swelling and the 
distribution of the enzyme are determined by the amount of ionized 
protein (other factors being constant).  There is no causal connection 
between the two, however, and the increased rate of digestion is not 
due to the hydration of the protein but simply to the increased con- 
centration of the enzyme in the protein.  The digestion of insoluble 
proteins is therefore a much more complicated problem than that of a 
protein in solution since the ionization of the protein, its concentra- 
tion, and the concentration of the enzyme inside the mass of protein 
are all affected both by the pH and by the salt concentration. 
SUMMARY. 
1.  The distribution of pepsin between particles of gelatin or coagu- 
lated egg albumin and the outside solution has been found to be equal 
to the distribution of chloride or bromide ion under the same condi- 
tions.  This is the case from ptt 1 to 7, and in the presence of a variety 
of salts. 
2.  Pepsin is therefore probably a monovalent anion. 
3.  Under certain conditions the enzyme may be adsorbed on the 
surface of  the  protein  particles.  This  reaction  is  irreversible  and 
is  markedly influenced  by  the  presence  of  low  concentrations  of 
electrolytes. 